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Experimental proof for the validity of sinus node electrograms was provided by simultaneously recording the transmembrane action potential and the extracellular potential of the sinus node and by inducing sinus nodal exit block with tetrodotoxin (TTX). 2 The clinical evidence is more indirect and relies on the temporal relationship of the sinus node electrogram to the P wave and its similarity to the waveform recorded experimentally.
We reasoned that if the periods of atrial quiescence were sufficiently long, we could record multiple, repetitive, isolated sinus node electrograms. This recording, which is possible in the long atrial pauses observed after pacing in patients with sick sinus syn-drome, would corroborate the existing evidence and establish sinoatrial block instead of overdrive suppression as the mechanism underlying the pauses.9
Materials and methods
Patients. Among patients referred for diagnostic electrophysiologic evaluation, eight (table 1) were prospectively selected on the basis of a corrected sinus nodal recovery time (CSNRT)'0 in excess of 1500 msec; this limit was chosen because it is clearly abnormal and encompasses several basic cycle lengths (BCLs), a requisite for identification of repetitive sinus node electrograms. Pertinent clinical features are summarized in table 1. Each patient gave informed consent and no patient was on medication before the electrophysiologic study. However, patients 2 and 3 were given ajmaline (I mg/kg iv over I min) during the diagnostic procedure. The CSNRT of patient 2 was not modified by the administration of the drug. Patient 3 had a normal CSNRT before ajmaline was injected and developed spontaneous sinoatrial block and an abnormal CSNRT after the drug was injected.
Electrophysiologic studies. At the end of the routine diagnostic protocol, the right ventricular catheter was replaced with a bipolar catheter electrode (No. 7F; 1 to 1.5 cm interelectrode distance, guide wire) that was carefully looped over the node (Berzin et al., submitted for publication). The criteria used to localize the node were both anatomic (distal electrode at the junction between the superior vena cava and the high right atrium as judged from biplane fluoroscopy) and electrophysiologic (lowest site of exclusive atrial negativity). The polarity of the bipolar sinus lead was reversed to obtain upward atrial Positive pauses are assumed to be caused by sinoatrial block because they do not fit into the classic overdrive suppression theory, and in the experimental setting their causal mechanism is the exit block. Therefore a relationship of the intersinus node electrogram cycle length to the BCL is expected. Sinus node electrograms are first validated according to the above criteria and then three different patterns of sinus node electrograms are described.
Results
Negative pauses. Patients 4 and 5 had negative pauses; no sinus node electrograms were recorded. Incomplete exploration may be responsible for the recording failure, although obviously overdrive suppression cannot be excluded. the last paced atrial beat and the first isolated sinus node electrogram are excluded from analysis.
Pattern I is observed in patients 1, 3, and 7: the first intersinus node electrogram cycle length in a pause is moderately prolonged over the BCL (intersinus node electrogram cycle length less than 150% BCL) and gradually reverts to it, which suggests physiologic overdrive suppression. This is illustrated by figure 7 (patient 3, first postpacing cycle), in which the first intersinus node electrogram cycle length is 940 msec and the last three are about 750 msec (BCL 700 to 820 msec). The progressive shortening of the intersinus node electrogram cycle length from about 1000 msec to 720 msec (BCL 720 to 840 msec) is also clear in figure 6 (patient 1) . Figure 4 shows a smaller decrease in intersinus node electrogram cycle length from 1090 to 975 msec (BCL 1000 msec); however, this slight lengthening of the first intersinus node electrogram cycle length in a pause was constant in this patient, with a maximum value of 1200 msec. Pattern 2 is observed in patients 2, 6, and 8: the intersinus node electrogram cycle length during the pause almost exactly equals the BCL, which suggests the lack of overdrive suppression. This is illustrated by figure 3 (patient 6), in which the first intersinus node electrogram cycle length is 800 msec and the last 750 msec (BCL 700 to 800 msec). In figure 5 (patient 8) the intersinus node electrogram cycle length is 650 msec and the BCL 630 to 680 msec. Figures 2 and 8 (secondary pauses from patient 2) also show intersinus node electrogram cycle lengths of 560 or 580 msec (BCL 600 msec). Triangles in these two figures point to isolated sinus node electrograms without overlapping ventricular repolarization, and circles show slow waves that are strikingly similar to isolated sinus node electrograms. The different relationship of the slow waves from beat to beat to ventricular repolarization suggest that they may be sinus node electrograms. Thus if each of these sinus node electrograms is assumed to be conducted to the next atrial depolarization, there is a first-degree sinoatrial block during basic sinus rhythm (sinoatrial conduction time greater than 120 msec). The undisturbed regularity of sinus rhythm with various sinoatrial conduction times is conspicuous in figure 8 . Mobitz type I exit block (the first five circles in figure 8 ) develops along with a shift in atrial depolarization that discloses exclusive atrial negativity. This is best exemplified by figure 9, in which a 3/2 Mobitz type I sinoatrial block period explains a secondary pause. Without the advantage of successive isolated sinus node electrograms the basic first-degree sinoatrial block would have been impossible to distinguish from ventricular TU repolarization. Pattern 3 is illustrated by figure 10 (patient 3, first postpacing cycle) and suggests intrasinus block; a progressive shortening of intersinus node electrogram cycle length (pattern 1) is followed by an abrupt lengthening (1400 msec) to less than twice the preceding cycle (800 msec, BCL 700 to 820 msec).
Discussion
Cramer et al.2 were the first to provide convincing experimental evidence of a sinus node electrogram. They described a slow diastolic slope corresponding to phase 4 of the sinus nodal action potential and a slow upstroke synchronous with phase 0; the latter was followed by the fast atrial primary negativity. Hariman et al. 6 7 then extended these findings to humans by first using epicardial electrodes and then the conventional transvenous catheter electrode technique. Previous investigators have used the latter method to compare directly measured and indirectly estimated sinoatrial conduction time.7 8 I I
Validation of sinus node electrogram in humans. Validation of these sinus node electrograms in humans, however, remains indirect and relies on occurrence before the P wave and on a similarity to an experimental waveform that has been established only for healthy Time marks and abbreviations are as in Figure 1 . DI, D3, VI, and V6. As in figures 2 and 9 from the same patient, triangles indicate isolated sinus node electrograms (S) without overlapping repolarization during pauses. Equidistant circles indicate slow waves of similar morphology that may be additional sinus node electrograms as discussed. Assuming conduction of each of these to the following atrial depolarization, the first fourcircle sequence suggests Mobitz type I sinoatrial exit block; as in figure 9 , prolongation of sinoatrial conduction time is accompanied by a modification of the atrial depolarization (disappearance of the initial negativity), which suggests different exit pathways from the node (catheter motion cannot be excluded). HRA shows no sinus node electrogram. Time marks and abbreviations are as in figure 1 .
trogram can be found in the study of Reiffel et al. 8 We prospectively studied eight patients with sick sinus syndrome who had very long pauses so that repetitive localized low-frequency deflections could be clearly identified in the absence of any overlapping activity. Positive pauses were consistently recorded in six of these patients. We believe that this pattern validates sinus node electrograms. This belief is reinforced by the fact that intersinus node electrogram cycle length approximates BCL and that continuous electrical activity is demonstrated by a slow diastolic slope bridging sinus node electrogram intervals. The consistent recording of continuous electrical activity with a slow diastolic slope is evidence against the possibility that nonautomatic perinodal atrial tissue, insulated from the outer atrium and fired by the sinus node, may be responsible for the local electrograms.
Limitations of the study. Although we demonstrated automatic electrical activity with a cycle length approximating the BCL, localized to the expected site of the sinus node, and unexplained by any known artifact, we have not proved that this activity is actually driving 2) or the presence of only physiologic overdrive suppression (pattern 1) without any escape interval exceeding 150% BCL after the end of the last ventricular repolarization, suggests that diseased nodes are not subject to the kind of major overdrive suppression experimentally observed with cold or with digitalis toxicity and/or that high-grade atriosinus entrance block develops during rapid atrial pacing.18 19 Due to overlap with the TU repolarization of the last paced beat, no short escape interval suggesting entrance block (less than one intersinus node electrogram cycle length) could be identified except in patient 2 (compare figures 2 and 8; note the first circle of the recording in figure 2 and the first postpacing cycle in figure 8 ).
The mechanism and sites of this postpacing exit block are not known. This is unlike the activity of TTX, which specifically exerts its effects on fast-channel atrial tissue. The similarity of conducted and nonconducted sinus node electrograms favors a modification of the perinodal tissue (or atrial sink, transition from slow to fast channels) rather than of the source as the cause for the exit block.
Marked fibrosis of the approaches to the sinus node consistently observed in one anatomic study20 of patients with sick sinus syndrome may offer a morphologic basis for the low safety factor of conduction. Although Bharati et al. 2' reported two cases of essentially normal nodes with fibrotic approaches in adolescents with sick sinus syndrome, the sinus node is more often markedly fibrotic.20 22 Therefore we conclude that (1) sinus node electrogram recording is possible but baseline drift is the major problem, (2) it is of value in understanding atrial pauses, (3) long postpacing pauses are generally (in six out of eight patients) caused by sinoatrial block, (4) the mechanism of this sinoatrial block is not known, and (5) different patterns of sinus node electrograms are observed during pauses, thus making indirect interpretation unreliable.
